Abstract Mariculture is one of the major seafood supplies worldwide and has caused serious environmental concerns on the coastal zone. Its rapid development has been shown to disrupt the sediment ecosystems and thus influence the benthic bacterial communities. Bacterial diversity and community structure within both adjacent farms and non-cultured zones intertidal sediments along the coasts of Qinhuangdao and Dalian, China, were investigated using full-length 16S rRNA gene-based T-RFLP analyses and clone library construction. Richness and Shannon-Wiener index were significantly increased at sites adjacent the mariculture farm with mean values of 29 and 2.97 from peak profiles of T-RFLP result. Clustering analyses suggested that impacts of mariculture on bacterial diversity of sediment were significantly larger than those resulted from temporal and spatial scales. Upon comparisons of RFLP patterns from 602 clones from libraries of the selected five samples, 137 OTUs were retrieved. Members of γ-and δ-Proteobacteria, Bacilli, Flavobacteria, and Actinobacteria were recorded in all libraries. In addition, γ-Proteobacteria were dominant in all samples (21.7~45.0 %). Redundancy analysis revealed that the distribution of bacterial composition seemed to be determined by the variables of salinity, PO 4 3− -P, NH 4 + -N, and Chlorophyll a content. The phyla of γ-Proteobacteria, Clostridia, Flavobacteria, Bacilli, and Planctomycetes were principal components to contribute to the bacterial differences of clone libraries. Our finding demonstrated that these phyla could display variations of bacterial composition linked to environmental disturbance resulted from mariculture.
Introduction
Aquaculture is one of the fastest growing food-producing industries, providing approximately 47 % of the world's fish supply and is predicted to be the major production of food by the year 2030 [1] . However, the rapid development of aquaculture has caused serious environmental concerns, which include sediment organic enrichment and eutrophication, pollutions derived from the application of pharmaceuticals, feeds, antibiotics, and heavy metals [2, 3] . The diversity and composition of microbial communities is well known to be influenced by these chemical and biochemical environmental inputs [4, 5] . Particularly, some of these pollutions lead to enrichments of nutrients, which may be limiting in both sediments and water column, and thus increase the species richness and composition of bacterial community [6] .
Bacteria in surface sediment have massive diversity and rapid growth rate, and their populations are largely influenced by pollutants of water columns [7, 8] . Recently, molecular method-based studies have indicated that bacterial diversity in sediment has been linked with impacts of anthropogenic activities, such as increase of eutrophication and chemical pollution [9] [10] [11] [12] [13] , changes in species of phytoplankton or zooplankton [14] [15] [16] , and operating a dredging, reclamation, or remediation project [17] [18] [19] [20] . Furthermore, some efforts have been made to study the bacterial community structure dynamics related to mariculture processes. For example, the diversity of several functional bacterial groups, such as β-proteobacterial ammonia-oxidizing bacteria and archaea, has been reported to be related to nutrient (N and C) cycling in sediments of mariculture zone [21] [22] [23] . The accumulation of organic compounds has been reported to increase the presence of α-Proteobacteria in the sediment of fish farm, suggesting their importance in organic matter decomposition [24] . The microbial communities in the sediment inside and outside of the mariculture zone were investigated in terms of their dynamic and sensitivity to environmental variation, especially eutrophication [25, 26] . However, impacts of mariculture on bacterial communities, including those in sediments, remain largely unknown [27] . As the interface of aquatic and terrestrial environments, surface intertidal sediment adjacent the mariculture farm provides an ideal environment to study the response of bacterial communities to anthropogenic activities [28] .
Mariculture has expanded significantly in the coastal regions of China. For instance, mariculture production growth was increased by 5.7 % per year between 2001 and 2005, making China by far the largest producer of mariculture products in the world [29] . It brings significant economic benefits, but also some negative impacts on marine environments. In order to achieve sustainable development, mariculture farms have moved from near-shore to off-coastal regions in recent years [30] . Mariculture in offcoastal regions is thought to have less negative environmental impacts because the strong currents reduce the environmental pollution accumulation in the regions and also benefit culture [31] . Recent molecular analyses indicated that fish farming in coastal shallow water has a greater impact on sediment bacteria than that in open water and potentially enrich both fish and human pathogens in Baltic Sea sediment [32] .
To study the impacts of mariculture on sediment microbial diversity, we collected intertidal sediment samples adjacent to mariculture farms along the coasts of Qinhuangdao and Dalian. Bacterial composition of individual sediment samples was analyzed using both terminal restriction fragment length polymorphism (T-RFLP) and clone library construction. Nutrient concentrations of sediment pore water were also determined using flow analysis. It was hypothesized that mariculture activities would lead to a distinct composition of bacterial community through enriched nutrients. The objective of this study was to probe this hypothesis and to determine the exact effect of mariculture on bacterial community in sediments. It represents the first report of microbial community changes related to mariculture in China.
Materials and Methods

Sampling Sites
Two mariculture farms were selected for the present study. The first one is located on the coasts of Changshan Islands of Dalian (CS) in the Yellow Sea and the other on the west coasts of Qinhuangdao (QH) in Bohai Sea (Supplementary Fig. 1 ). These farms were mainly culturing scallop, mussel, oyster, and algae. The CS farm is approximately 120 miles from the mainland with a short residence time of seawater and a relatively low polluted intertidal ecosystem. Main anthropogenic pressures of CS coastal zone include residential inputs, shipping, and mariculture. The average residence time of QH coastal water is more than 300 days because of its semienclosed characteristic of Bohai Sea [33] . Coastal waters of this area receive lots of industrial, aquacultural, and shipping pollutions. Therefore, QH is a highly polluted area due to high anthropogenic activities [34] .
Sampling
Surface sediment samples (about 5 cm) were collected from eight sites (four sites from each location) during low tide in September of 2009 and 2010 ( Supplementary Fig. 1 ). No significant rainfall occurred in the areas before the sampling times. Of eight sites, four (D2, D3, Q1, and Q4) were located in adjacent farms (with suffix "F") while the other four (D1, D4, Q2, and Q3) are control sites located in non-cultured zones (with suffix "C"). For microbiological and environmental analyses, three samples were taken from individual sites using sterile 20-ml syringes (luer end removed), homogenized, and then stored in a 50-ml sterile centrifuge tube in ice-filled vacuum bottle. These samples were transported to laboratory within 24 h and stored at −80°C until use.
Environment Characteristics
For each site, temperature, pH, and salinity of water samples were recorded in situ with an YSI model 556MPS during sampling. Water content was determined based on the loss of weight of the sample after 48 h of freeze drying. Pore water was obtained by centrifugation (10 min at 5,000×g). Dissolved inorganic nutrients, including NH 4 + -N, NO 2 − -N, NO 3 − -N, PO 4 3− -P, and SiO 4 4− -Si were measured using standard colorimetric methods on an AAA3 segmented flow analyzer (Seal Analytical GmbH, Germany). Total organic carbon (TOC) and total nitrogen (TN) were determined with an elemental analyzer (Elementar, Vario Micro). Chlorophyll a content was determined spectrophotometrically after acetone extraction [35] .
Bacterial Community Analysis
The total genomic DNA was isolated from 0.50 g sediment with the PowerSoil™ DNA Isolation Kit (Mobio Laboratories, USA) and further purified by ethanol precipitation [36] . Final DNA extracts were eluted into 50-μL sterile H 2 O, and diluted ×10 as a PCR template. PCR was performed using the bacterial universal primers 27F and 1492R [37] , to amplify the bacterial 16S rRNA gene fragments. In T-RFLP analyses, the forward primer (27F) was fluorescently labeled at the 5′ end with 6-carboxyfluorescein (6-FAM) to allow the detection of terminal fragments. PCR conditions and product purification were carried out using methods described previously [38] .
For T-RFLP analyses, restriction enzyme digestion of the PCR products were carried out in a 10-μL volume containing 5 μL purified PCR product and 10 U of MspI at 37°C for 3 h in manufacturer's recommended reaction buffers. The fluorescent labels of the terminal fragments were detected on an ABI 3730 DNA Analyzer (Applied Biosystems) by Shanghai GeneCore Bio Technologies Company (China). To avoid detection of primers, terminal fragments smaller than 50 bp, or peaks comprising <1 % of total chromatogram area, were excluded from peak analysis. Fragment sizes were estimated using the T-REX program [39, 40] . Community diversity patterns were characterized based on the number of peaks and their relative abundance of the chromatogram area.
Phylogenetic Analyses
Bacterial clone library was constructed for five samples, which were selected based on the cluster result of T-RFLP analyses. PCR products were cloned into pMD18-T Simple Vector (Takara) and transformed into Escherichia coli TOP10 competent cells according to the manufacturer's instructions. Recombinants were selected on Luria-Bertani agar plate containing 100 mg/L ampicillin, 80 mg/L X-Gal (5-bromo-4-chloro-3-indolyl β-D-galactoside), and 50 μmol/L IPTG (isopropyl-β-D-thiogalactopyranoside). For each site, 120 white colonies were picked at random, and then re-amplified to check for the presence of correctly sized inserts using vector primers M13-D and RV-M. The 16S rRNA gene fragments were screened by restriction fragment length polymorphism (RFLP) with the restriction enzymes MspI and HhaI (Takara) sequentially. OTUs were calculated based on the number of RFLP patterns. One representative clone from each distinct RFLP patterns were sent for sequence analysis on the automatic DNA sequencer (ABI model 3730 sequencer) at SinoGeno Max Co. (Beijing, China).
The resulting sequences were aligned by comparing forward and reverse sequences using the Bioedit and checked manually [19] . Phylogenetic affiliations of individual sequences were determined based on analysis of the classifier function from the Ribosomal Database Project [41] . Close reference sequence of individual OTU were retrieved using NCBI BLAST search. Phylogenetic trees were constructed from the alignment sequences using MEGA v4.0 with evolutionary distances (Jukes-Cantor distances) followed by neighbor-joining method [42] . Bootstrapping (1,000 replicates) was performed in order to validate the tree topology. The coverage of the library was calculated as C=[1−(n 1 /N)]×100, where n 1 is the number of OTUs appearing only once in a library and N is the total number of clones in the same library [43] . The 16S rRNA gene sequences obtained in this study were deposited in the NCBI GenBank database under the accession numbers from JX193305 to JX193458.
Statistical Analyses
Environmental parameter classification was performed via hierarchical clustering using Euclidean distance and Ward linkage with the R language after z-score normalization of the environmental data [22, 44] .
To evaluate richness and evenness, number and relative chromatogram area of T-RFs were considered to represent the number and relative abundance of different phylotypes in a sample. Diversity indices, phylotype richness (S), ShannonWiener index (H), and evenness (E) were calculated to compare the relative complexities of microbial communities [45] . Statistically significant difference was calculated using Student's t-test of SPSS 17.0 (Chicago, IL, USA) software, and P values less than 0.05 were considered significant. The similarity of T-RFLP profiles was determined using the BrayCurtis index of similarity after square root transformation of abundance data using the Primer 6 software [46] . Dendrogram was calculated from similarity matrix using weighted-group average linkage in cluster analysis and nonmetric multidimensional scaling (NMDS) plots.
The RFLP-based distribution of clones in OTUs was used to calculate species richness with rarefaction curve and nonparametric Chao estimator [47] . For the principal component analysis (PCA), Canoco (version 4.5, Microcomputer Power) was used to identify bacterial classes mainly contributed to the variation of study sites. Redundancy analysis (RDA) procedure in Canoco was also used to relate the main environmental factors to bacterial communities because detrended correspondence analysis (DCA) on species data indicated that the linear model was more accurate to relate species and environmental factors [48] . For RDA, species percentage values were transformed by square root, and environmental variables were normalized by z-score [49] .
Results and Discussion
Environmental Conditions
Physical and chemical features of sediment provide important information of environmental conditions for the microbial communities, but also reflect the milieu influenced by microbial geochemical processes [50] . Nutrient concentrations of sand pore water (Table 1) in this study were slightly lower than those reported previously [51, 52] . The overall N/P stoichiometric ratios varied from 17.2 to 34.1 exceeding the Redfield ratio of 16, which suggested that P is the main limiting nutrient for phytoplankton production.
Clustering analysis indicated that sampling sites could be grouped into two clusters based on the environmental parameters ( Supplementary Fig. 2 ). Sites near the mariculture zone were grouped together, while the other four control sites formed another group. Also, the sites of the former cluster were more hypernutrified and polluted than those of control (Table 1) . High chlorophyll a contents in the sites of the former cluster indicated relatively higher phytoplankton in the mariculture zone. Clearly, nutrient concentrations of sediment pore waters near the mariculture zone were different from those of controls. Furthermore, physical and chemical parameters of individual site displayed less temporal variation than those of different sites (Table 1 and Supplementary  Fig. 2 ).
It has been reported that the majority of nutrient inputs into the mariculture zone (e.g., 85 % of P, 80~88 % of C, and 52~95 % of N) can be lost into surrounding environments [53] . Thus, eutrophication was one of the most distinguished characteristics of the sediment near the mariculture farm [54] . From our data, ammonium and phosphate concentrations were clearly higher at sites near the mariculture farm than those of the control ones. High C/N and chlorophyll a content also suggested eutrophication of mariculture zones in this study.
T-RFLP Analysis of Microbial Community
T-RFLP analyses revealed a large number of distinct peaks indicating the presence of diverse bacteria phylotypes ( Supplementary Fig. 3 ). Indices of the bacterial community diversity, which were calculated based on the number of T-RFs and their relative abundance, were summarized in Table 2 . Clearly, bacterial diversity (i.e., S and H) was much greater (P<0.01) at sites neighboring mariculture farms than that of control sites. However, no difference was observed at the evenness of bacterial communities derived from sites of two types. Our results contradict classical ecological view that increased nutrient would lead to decreased species diversity in an ecosystem [6] . However, results of this study concur with the previous report that high bacterial diversity occurred in eutrophic areas [38, 50] . The dominant species died-off resulted from eutrophication would stimulate the opportunistic species and thus may contribute to the increase of the diversity [6] . However, we acknowledge the diversity biases related to the neglect detection of rare phylotypes by T-RFLP technique [55] . Cluster analysis of the T-RF profiles showed that bacterial community composition of all samples had over 45 % similarity from one year to another (Fig. 1) . However, except Q2-C and Q3-C, the bacterial community composition of the other sites had less than 45 % similarity among individual sites. Therefore, temporal variations of bacterial communities were less pronounced than spatial variability. At a level of 35 % similarity, three clusters were formed: cluster III consisting of four samples collected from D2-F and Q4-F, and all the other samples grouped separately by geographic location forming another two clusters I and II. The D2-F and Q4-F located adjacent mariculture farms and had poor water exchange conditions, which might explain their clustering at low similarity. The impact of geographical barrier could be explained by the separation of clusters I and II.
Results of clustering analysis suggested that impacts of mariculture on bacterial diversity of sediment is significantly larger than those resulted from temporal and spatial scales (e.g., D3-F vs. D4-C; Q4-F vs. Q3-C; Fig. 1 and Supplementary  Fig. 2 ). This observation was consistent with previous reports that substantial shifts in the bacterial community in response to mariculture [24, 56] and other anthropogenic pollutions [11, 57, 58] . The high degree of similarity in the bacterial community compositions between D2-F and Q4-F indicated environmental stresses resulted from mariculture could drive the bacterial community composition of sediment close to each other. Unfortunately, similar bacterial OTUs were not detected in all sites near mariculture zones. The possible reason was that sediment types significantly influenced the bacterial community. For example, different sediment bacterial communities in two fish farms in southern Tasmania (Australia), which have different types of sediments (muddy vs. sandy), have reported to be mainly resulted from sediment types [26] .
Phylogenetic Affiliation of Microbial Libraries
Based on T-RFLP analysis of bacterial community diversity, we selected five samples (D1-C-09, D2-F-10, D3-F-09, Q1-F-09, and Q3-C-10) from three clusters to construct clone library analysis. Of 602 clones, 137 OTUs were identified using RFLP pattern analysis. Percentage coverage was the highest at D2-F-10 (90.2 %), whereas the lowest value was obtained at D1-C-09 (82.5 %; Table S1 ). However, total sequence richness was underestimated since the rarefaction curve and Chao-1 richness estimator suggested more OTUs existed in the library (Supplementary Table 1 and Supplementary Fig. 4 ). The coverage of each library was sufficiently high (ranging from 76.7 % to 88.3 %). Therefore, the diversity of the clone libraries should be able to reflect the bacterial communities in these sediments.
Bacterial composition was summarized in Fig. 2 . The 16S rRNA sequences were grouped mainly with γ-Proteobacteria (27.4 %), Bacilli (12.5 %), Flavobacteria (12.1 %), and Actinobacteria (11.8 %). The γ-Proteobacteria dominated at all the libraries (21.3-45.0 %). PCA analyses of bacterial composition revealed that two components contributed to the variations among individual clone libraries (Fig. 3 ). PC1 Index D1-C  D2-F  D3-F  D4-C  Q1-F  Q2-C  Q3-C  Q4-F   2009  2010  2009  2010  2009  2010  2009  2010  2009  2010  2009 2010  2009  2010  2009  2010   S   a   20  22  34  30  25  20  24  21  39  27  18  17  20  19  29 .0 % of the total variations, which was positively contributed by γ-Proteobacteria and negatively contributed by Bacilli, Flavobacteria, and Planctomycetales. PC2 explained 23.0 % of the total variations, which was positively contributed by Clostridia. Members of these taxonomic groups derived from different sites were subject to further phylogenetic analysis. OTUs of the γ-Proteobacteria were affiliated with previously described culturable members of Chromatiales, Oceanospirillales, Alteromonadales, Enterobacteriales, and Legionellales, as well as several clades grouped with symbionts and unculturable clones (Supplementary Fig. 5a ). The majority of unknown γ-proteobacterial OTUs were obtained from Q1-F-09 sample. OTUs of the order Chromatiales formed the largest clade and were present in all five clone libraries. Most culturable members of Chromatiales were anaerobic phototrophic sulfur oxidizers and were found as a prominent component in intertidal sediment microbial communities [59] . The other two orders, Enterobacteriales and Legionellales, consisted of chemoorganotrophic pathogens, which were detected at four clone libraries of samples D1-C-09, D2-F-10, Q1-F-09, and Q3-C-10. Interestingly, members of Vibrionales, Pseudomonadales, or Alteromonadales, which were commonly observed in sediment [38, 60] , were not found in samples of this study.
richness (S), Shannon-Wiener index (H), and evenness (E) values for the bacterial communities from T-RFLP profiles
OTUs of Firmicutes displayed distinct affiliation with specific sites and belonged to two orders: Bacillales and Clostridiales (Supplementary Fig. 5b ). Most OTUs of Bacillales belonged to the Planococcaceae family from clone libraries derived from samples collected at the sites of Dalian area and are closely affiliated with survivors isolated from extreme environments. Three OTUs from Q3-C-10 sample (Q3-C-10-07, -09, and −18) formed monophyletic clades and were distantly related to other sequences from Dalian area. However, they were not detected in the clone library derived from sample Q1-F-09.
All of the flavobacterial OTUs were related to 16S rRNA sequences of the order Flavobacteriales, mainly to the genus Gillisia (Supplementary Fig. 5c ). Particularly, OTUs from D2-F-10 library accounted for almost half of total Gillisia OTUs, which was the potential uncultured degrader of polymeric organic matter [47] . Flavobacteria were the most abundant members of Bacteroidetes in aquatic habitats, which is reported to be associated with phytoplankton blooms, displaying a pronounced variation of spatial diversity [61] . Interestingly, only one OTU (Q1-F-09-05) formed a cluster with OTUs derived from sites of Dalian. Therefore, there was little overlap in the bacterial composition among different clone libraries.
Only 3.6 % of the total sequences were affiliated with the order Planctomycetales. As the minor components in library, Fig. 2 Percentage distribution and comparison of 16S rRNA phylotypes within the clone libraries at selected samples Fig. 3 Two-dimensional similarities among the selected samples revealed by PCA analysis of the phylogenetic class distribution. The analysis was performed using the Canoco version 4.5 program. The Jaccard's coefficient of similarity was used to test for similarities the sequences were site-specific and had a relatively distant relation to each other ( Supplementary Fig. 5d ). No sequence in D2-C-09 library fell in this phylum.
Analyses of five selected clone libraries provided comparisons among bacterial communities in different environments and allowed for the identification of widely distributed sediment bacterial phylotypes. Of the five clone libraries, members of γ-Proteobacteria, Bacilli, Flavobacteria, as well as Planctomycetales and Clostridia contributed to major differences of bacterial communities in these sediment samples. Nevertheless, we do not understand the underlined physiological and biochemical mechanisms that caused the difference of bacterial communities. Likely, how individual phylotype group responds to environmental changes may play a key role in such diversity difference. The γ-Proteobacteria are known to be involved with sulfur oxidation processes [62] , members of Flavobacteria are degraders of polymeric organic matter [17] , and Bacilli were observed to play an important role in PAHs-contaminated marine sediments [63] . Thus, accumulation of these organic compounds certainly enhances the diversity of the corresponding phylogenetic groups in sediments.
Microbial Community Distribution in Response to Environmental Variables
Mariculture has been reported to influence the spatial and temporal distribution of bacterial communities in fish farm sediment [24, 32, 64] . Results of this study further confirmed this observation (Figs. 1 and 3) . Furthermore, our results indicated that eutrophication resulted from mariculture affecting the diversity of the sediment bacteria community.
Correlations of the T-RFs of individual sample with environmental parameters were analyzed via RDA (Fig. 4a) Correlation of the phylotypes with environmental variables was analyzed using the sequencing data derived from clone libraries (Fig. 4b) . The results suggested that these classes were more sensitive to the change of above major environmental parameters.
Environmental changes could be reflected in the composition of certain bacterial phylotypes, such as Flavobacteria, Bacilli, and Planctomycetes (Fig. 4b) . In North Atlantic, the Flavobacteria clades showed distinct distribution patterns responding to the changes of season, latitude, depth, and phytoplankton [65] . Planctomycetes was investigated as "less-abundant bacterial phylum" to have a strong relationship to the combination of environmental factors including temperature, pH, and nutrients in two freshwater lakes [66] . Although these "indicator" phylogenetic taxons may be in low abundance, their special linkage with environmental conditions signifies their potential importance in understanding how exactly community abundance and composition responds to environmental changes.
Concluding Remarks
Our results clearly indicated that anthropogenic contamination of mariculture was consistently associated with bacterial community variation even in the habitats of intertidal sediments. This study attested to the possibility of mariculture contamination to increase the diversity of sediment bacterial communities. Several studies on other marine habitats also suggested the similar ecological impacts under the impact of eutrophication condition. The phylotypes of γ-Proteobacteria, Clostridia, Flavobacteria, Bacilli, and Planctomycetes were the principle components, which contributed to bacterial composition differences between mariculture-and non-mariculture-influenced samples. RDA analyses of bacterial phylotypes and environmental parameters revealed that the microbial diversity in intertidal sediment significantly related to PO 4 3− -P, NH 4 + -N, and chlorophyll a content. Moreover, geographic distances was shown to affect bacterial diversity at the spatial scale (about 250 km), indicating a synergistic influence of local environmental factors and dispersal limitation [67] .
Furthermore, this study confirms the general belief that environmental contamination could change the composition of bacterial communities by favoring special taxa of bacterial phylum. Clearly, it needs to address the release of contaminants by mariculture for their potential uncontrollable effects on biodiversity in marine ecosystem. Diverse bacterial communities likely reflect the resilience of bacterial communities to environmental stresses with more active biochemical processes [68] . Studying the bacterial diversity will help to develop not only the bioindicator standard using the sensitive species to evaluate the environmental status but also the bioremediation strategy using the native community to overcome the pollution in the area [44] . Therefore, efforts on studying bacterial diversity also should be made to protect the mariculture sustainable development, and contaminants by mariculture should be reduced to the level under the tolerance of bacterial resilience to prevent collapse of entire ecosystem.
